Tilia platyphyllos leaves we found that sun leaves were better protected against stress than 5 shade leaves by having (i) more efficient regulated non-photochemical quenching (ii) a 6 higher capacity to neutralize singlet oxygen, a reactive oxygen species known to be capable 7 of promoting oxidative damage by excess PAR and (iii) containing more UV absorbing 
Introduction

30
Plants grown in a natural environment are exposed to variable light conditions both in 31 terms of photosynthetically active radiation (PAR, 400-700 nm) and solar ultraviolet (UV, (Boardman, 1977; Lichtenthaler et al. 1981; Hallik et al., 2012) . Photoprotective mechanism 4 are important constituents of light acclimation and high solar radiation tolerance includes 5 both physical and biochemical defenses (Niyogi, 1999; Takahashi et al. 2011 ). The former 6 include leaf and chloroplast movements, epidermal screening (Solovchenko and Merzlyak, 7 2008) and dissipation of excess energy (Müller et al. 2001) . Chemical defense pathways 8 equip the leaf for situations when physical mechanisms fail to protect the photosynthetic 9 electron transport system from over-excitation and, potentially from photoinhibition (Long et 10 al. 1994; Powles, 1984) via the formation of damaging reactive oxygen species (ROS).
11
During photoinhibition by excess PAR singlet oxygen ( 1 O 2 ) is photoproduced by the reaction mutant Arabidopsis leaves suggested an interaction of UVR8 with other photoreceptors to 1 modulate UV-A responses in the presence of UV-B (Morales et al. 2013 ).
2
Antioxidant properties of flavonoids have been extensively studied in vitro due to 3 their nutritional and medical relevance (Rice-Evans et al. 1995 , 1996 , Pietta 2000 Scalbert et 4 al. 2005) . Flavonoids in leaves are typically regarded as UV-B regulated compounds, because 5 higher UV-B radiation leads to an enhanced biosynthesis and accumulation through the 6 induction of the phenylpropanoid pathway (Jansen et al. 2008; Kim et al. 2008; Zhang and 7 Björn, 2009). Increased leaf flavonoid production in response to high solar irradiances or 8 UV-B radiation has primarily been considered as physical defence mechanism, due to the UV 9 screening function of these compounds, but flavonoids are also known as antioxidants 10 (Harborne 1986).
11
Whether the primary role of flavonoids in UV defence is direct screening or radical in situ synthesis was also proved in isolated kidney bean chloroplasts (Zaprometov and 21 Nicolaeva, 2003) .
22
In addition to good total antioxidant capacities which have been the focus of 23 nutritional studies for decades (Rice-Evans et al. 1996 , Sekher Pannala et al. 2001 , Brunetti et 24 al. 2013 , Chen and Chen 2013 for HPLC analysis.
15
The flavonol glycosides were prepared using a modified method following Schütz et al. spectrometer (Agilent series 1100 MSD) was used with ESI as an ion source in negative 25 ionisation mode. Nitrogen was the dry gas (12 l/min, 350 °C) and nebulizer gas (40 psi).
26
Helium was the inert collision gas in the ion trap. Details of the analysis of flavonol 27 aglycones and flavonol glycosides are given below.
28
The flavonol aglycones were quantified after acid hydrolysis using a modified HPLC-DAD-
29
ESI-MS n method (Krumbein et al. 2007) . The extracts were separated on a Prodigy (ODS 3, The flavonol glycosides were analysed using the same column and eluent composition as that 
Singlet oxygen scavenging capacity measurements
26
Freeze dried samples were extracted using MeOH : H 2 O (in 1 : 1 ratio) then centrifuged 27 (6,000 x g for 10 min at 4 °C) and supernatants were used for measurements. Methanol 28 extractions were used because these provided higher extraction yields than water only (Hideg 29 and Majer, 2010) and made comparisons between ROS scavenging capacity measurements 30 and flavonoid analysis possible.
31
Measurements were based on the leaf extract's ability to scavenge 1 O 2 and therefore prevent 32 the oxidation of 1,3-diphenylisobenzofuran (DPBF) dye (Young et al. 1973 which is the natural environment of these leaves Y(II) decreased to nearly zero at the expense 5 of Y(NPQ) and all absorbed energy was dissipated (see upper row in Fig.1B) . On the other 6 hand, when shade leaves were subjected to high PAR, Y(NPQ) pathways were not capable of 7 balancing the decrease in Y(II) and non regulated quenching increased (lower row in Fig.1B ).
8
The same tendency was observed by Hallik et al. (2012) leaves than in shade leaves (Table 1) .
23
In addition to overall ratios of flavonols detected in acidified leaf samples, their 24 naturally occurring glycosides were identified using HPLC-DAD-ESI-MS n ( Table 2 ). We 25 found that the most prominent flavonoid glycosides in Tilia platyphyllos leaves were present 26 as rhamnosides (Tables S1 and S2 ). Shade leaves were dominated by two kaempferol 27 glycosides, kaempferol-3-O-rutinoside-7-O-rhamnoside and kaempferol-3-O-rhamnoside-7-
28
O-rhamnoside, which made-up approximately 70% of total flavonoid content (Table S1) .
29
This result is in agreement with the identification of kaempferol as the main aglycone in 30 acidified extracts from shade leaves (Table 1) . Also matching the aglycone pattern,
31
kaempferol was less dominant in sun leaves which contained mainly myricetin and quercetin 32 glycosides (Table 2) . Eleven compounds were identified in extracts, but most were present in 33 trace amounts only. The quercetin-3-O-rhamnoside-7-O-rhamnoside made-up approximately 18% of glycosylated flavonols in sun exposed leaves (Table S2 ). This flavonol glycoside has 1 already been reported to be the main flavonoid in T. platyphyllos leaves (Toker et al. 2001) 2 although the dependance on light conditions during growth was not analysed. In our leaf 3 samples kaempferol glycosides were partly acylated with coumaric acid. Some quercetin 4 glycosides were acylated with caffeic acid (Tables S1 and S2) were measured in vitro, using a photometric assay. As shown in Fig.2A while quercetin had less scavenging capacity and kaempferol was the weakest.
20
The general structure of major flavonols detected in Tilia platyphyllos leaves is shown (Hu et al. 1995) or to a synthetic free radical (2,2'-azinobis-(3-ethylbenzothiazoline-6-27 sulfonic acid, ABTS) used in assessing total antioxidant capacities (Heim et al. 2002) . found that myricetin which contains three of these hydroxyl groups but was not included in 31 the above study had the highest reactivity to 1 O 2 . In the study of Tournaire et al. (1993) 32 quercetin, with a catechol structure on ring B had almost 4-times higher reactivity to 1 O 2 was 33 than kaempferol lacking this structure. Our measurements gave a smaller ratio, 1.3 (Fig.2B) which could be due to differences in the applied solvents (methanol and deuterated methanol, ( Fig. 2A ). These include (1) the presence of myricetin-glycosides (9%) in sun leaves as 29 opposed to shade leaves (2) the increase in the ratio of quercetin to kaempferol glycosides 30 from 0.01 in shaded leaves to 0.9 in sun leaves and (3) the larger variety of myricetin and 31 quercetin glycosides detected in the sun leaves than in shade leaves (Table 2) . In addition to the need of higher antioxidant capacities, higher amounts of flavonoids 2 in sun leaves than in shade leaves can also be interpreted as physical defence against the UV 3 region of the spectrum, i.e. screening harmful radiation by absorption 4 Burchard et al. 2000) . To see whether the observed higher concentrations of flavonols serve 5 this purpose in sun T. platyphyllos leaves, we compared UV absorbing properties of leaf 6 extracts and of pure compounds. Figure 4A shows that extracts from sun leaves and shade 7 leaves were different in their UV absorbing properties. These were total leaf extracts,
8
containing both the epidermis which is best known to be responsible for UV screening 9 and mesophyll layers which were also reported to increase 10 their flavonoid content in response to high solar radiation (Tattini et al. 2005 ).
11 Figure 4B illustrates that kaempferol, quercetin and myricetin aglycones absorb UV 12 light mainly in the 350-400 nm spectral region, with slightly different wavelength maxima.
13
Maximum absorption of quercetin-3-glucoside and kaempferol-3-glucoside was shifted by 14 approximately 10 nm towards shorter wavelengths compared to their corresponding 15 aglycones (Fig 4C) . Absorption maxima of the studied flavonol rhamnosides were between 16 345-355 nm with slight differences in peaks (Fig.4D ). Differential spectra in Figs.4E and 4F 17 show that a selective increase in quercetin over kaempferol improves UV screening in the leaves as compared to shade leaves. This result suggests that the increase in quercetin to 22 kaempferol glycoside ratios observed in response to UV radiation (Ryan et al. 1998 (Ryan et al. , 2001 23 Reifenrath and Müller 2007; Hofmann et al. 2000) or sunlight (Jaakola et al. 2004 ) is unlikely 24 to serve solely the purpose of UV-B screening. increased with higher energy radiation.
5
We found that the observed changes in flavonol glycoside composition gave better 6 antioxidant defence against 1 O 2 to T. platyphyllos sun leaves as compared to shade leaves.
7
Improved protection against reactive oxygen species has been established as defence against Asada, 1999b brought about by UV-B only (Hideg et al. 2000 , Barta et al. 2004 ). contribute to a synergistic stress (Hideg et al. 2013 Tables   Table 1 Flavonoid aglycones of Tilia platyphyllos sun and shade leaves flavonoid (mg g -1 dry weight) sun leaf shade leaf total content 21.5 ± 5.9 5.1 ± 1.3 * quercetin 15.2 ± 4.6 0.7 ± 0.3 * kaempferol 4.7 ± 0.7 4.3 ± 1.0 myricetin 1.6 ± 0.6 0.1 ± 0.03 * Table 2 Percentage composition of flavonoid glycosides and other phenolic compounds detected in See Table S1 (shaded leaves of Tilia) and S2 (sun exposed leaves of Tilia) in Supplementary material for a more detailed list of compounds including HPLC-MS data for their identification. Further quercetin and kaempferol glycosides in traces (<0.5%).
